Introduction {#S0001}
============

Breast cancer is the most common cancer in women and second leading cause of cancer-related mortality.^[1](#CIT0001)^ Whereas overall survival rates improved over the past decades, the prognosis of patients diagnosed with metastatic disease, either de novo (5-10%) or progressed in the cause of their disease (20--30%), remains poor with an estimated 5 year survival rate of below 30%.^[2](#CIT0002)^ Cumulating evidence suggests that metastatic spread occurs early at a pre-symptomatic stage of the disease.^[3](#CIT0003),[4](#CIT0004)^ Consequently, the incidence of metastatic or disseminated disease at initial diagnosis is likely to be underestimated. The introduction of adjuvant and neoadjuvant therapy did not substantially reduce the rates of distant or systemic recurrence and death associated with metachronous metastatic relapse, indicating an intrinsic resistance of disseminated tumor cells (DTCs) to conventional therapies.^[5](#CIT0005)--[7](#CIT0007)^ Resistance of DTCs was attributed to dormancy, characterized by cessation of proliferation as well as active protection by the microenvironment in the perivascular niche.^[8](#CIT0008),[9](#CIT0009)^ There is broad consent, that dissemination of cancer cells is initiated by epigenetic changes leading to epithelial-to-mesenchymal transition (EMT) of tumor cells.^[10](#CIT0010)^ Importantly, EMT was shown to be associated with stem-like traits.^[11](#CIT0011),[12](#CIT0012)^ The cancer stem cell (CSC) model postulates that tumor cells are hierarchically organized with minor subpopulations essential for continued tumor growth, metastasis formation, resistance to therapy and recurrence after therapy.^[13](#CIT0013)--[16](#CIT0016)^ Consequently, identifying and specifically targeting DTCs, possessing a BCSC phenotype, is of paramount importance to improve outcomes of patients with metastatic or disseminated disease.

Battula and colleagues have identified the disialoganglioside GD2 as a novel BCSC-associated antigen.^[17](#CIT0017)^ GD2 was found to be expressed on a subpopulation of cells in human breast cancer cell lines and patient samples that were capable of forming mammospheres and initiating tumors *in vivo*. GD2 expression correlated with expression of established BCSC markers CD44^high^CD24^low^ and was dramatically increased by induction of EMT. Moreover, they were able to demonstrate that knockdown or pharmacological inhibition of GD3 synthase (GD3S), an enzyme involved in the biosynthesis of GD2, abrogated tumor formation after transplantation and reduced metastasis *in vivo*.^[17](#CIT0017),[18](#CIT0018)^ GD2 expression on breast cancer and BCSC was independently verified by different groups.^[19](#CIT0019),[20](#CIT0020)^

Notably, GD2 is an excellent and extensively studied target antigen for antibody-based immunotherapy.^[21](#CIT0021)^ We and others have clinically evaluated GD2 mAbs to treat patients suffering from metastatic neuroblastoma, leading to significantly improved survival and FDA/EMA approval of ch14.18, also known as dinutuximab beta.^[22](#CIT0022),[23](#CIT0023)^ In the present study, we used a GD2-directed immunotherapy by GD2-CAR-T to target BCSCs. CARs are synthetic receptors consisting of an extracellular binding domain, usually a scFv derived from a mAb, a transmembrane domain as well as one or multiple co-stimulatory and signaling domains.^[24](#CIT0024)^ Expressed on T cells, CARs are capable to mediate surface antigen-dependent T-cell activation and subsequent target cell lysis. Our hypothesis was that GD2-CAR-T will circulate the body to identify and eliminate BCSC phenotypic DTCs and prevent metastasis formation.

Materials and methods {#S0002}
=====================

Cell lines and culturing conditions {#S0002-S2001}
-----------------------------------

Human breast cancer cell lines MCF7, T-47D, MDA-MB-468, MDA-MB-231, HS 578T and BT-549 as well as human ovarian cancer cell line OVCAR-8 were purchased from ATCC. Human neuroblastoma cell line LS (ACC 675) and LAN-1 (ACC 655) were purchased from DSMZ. Neuroblastoma cell lines were maintained in RPMI 1640 media supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Thermo Fisher Scientific), 2 mM L-glutamine (Biochrom) and 1 mM sodium pyruvate (Biochrom). Breast cancer and ovarian cancer cell lines were maintained in Dulbecco\'s VLE DMEM media supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Thermo Fisher Scientific). All media contained 100 units/mL of penicillin and 100 µg/mL of streptomycin (Biochrom).

Evaluation of GD2 expression on tumor cell lines {#S0002-S2002}
------------------------------------------------

GD2 expression was assessed by flow cytometry on a BD^TM^ LSR II flow cytometer. Antibody staining was done according to standard operating procedure at 4°C in PBS buffer. Gating strategy is demonstrated in Supplementary Figure 2a. Doublets and dead cells, identified by Viability Dye eFluor™ 780 (ThermoFischer), were excluded before assessment of GD2 positivity. Antigen positivity was defined by staining of tumor cells using PE labeled GD2 mAb (14G2a, BioLegend) compared to PE labeled mouse IgG2a, κ isotype control (BioLegend). Overton positivity was calculated by integral subtraction (specific fluorescence minus fluorescence of isotype control) using FlowJo 10.4 software. Median fluorescence intensity ratio (MFIR) was calculated by (sample MFI/isotype control MFI) for each cell line separately to facilitate comparison antigen expression intensity between the different cell lines and tumor entities.

CAR design and vector production {#S0002-S2003}
--------------------------------

GD2-targeted scFvs were designed *in silico*, based on the protein sequence of the GD2 mAb ch14.18. Variable regions of the heavy and light chain were paired using a G4Sx3 linker. The anti-CD19 scFv was derived from the CD19 mAb 4G7. scFvs were assembled on a second-generation CAR backbone incorporating a CD8 hinge, CD8 transmembrane domain, as well as the cytoplasmic domain of 41BB and CD3zeta and truncated EGFR (EGFRt) after a P2A site.^[25](#CIT0025)^ Custom synthesis of CAR constructs was done by GeneArt. The CAR constructs were subcloned into a third generation lentiviral vector transfer plasmid for luciferase/mCherry expression kindly provided by Irmela Jeremias, Helmholtz Centre Munich, Germany.^[26](#CIT0026)^ Lentivirus (LV) was produced in Lenti-XTM 293T (Clontech) after 3 plasmid transfection using Lipofectamine 3000 (Thermo Fisher) of the second-generation packaging plasmid psPAX2 (Addgene), VSV-G envelope plasmid pMD2.G (Addgene) and the CAR containing transfer plasmid.^[27](#CIT0027)^ LV supernatants were harvested, concentrated using Lenti-X concentrator (TaKaRa) and cryopreserved at −80°C.

T-cell transduction {#S0002-S2004}
-------------------

PBMC were isolated from whole peripheral blood, acquired from healthy volunteer donors at the University Children's Hospital Tuebingen, by Ficoll-Paque density gradient centrifugation (Biocoll, Biochrom). T cells were sequentially isolated using CD4 and CD8 microbeads (Miltenyi Biotec) and mixed at a 1:1 ratio. T cells were activated with TransAct^TM^ (anti-CD3 and anti-CD28 agonistic signal, Miltenyi Biotec) and cultivated in TexMACS media (Miltenyi Biotec) supplemented with 10 ng/mL IL7 and 5 ng/mL IL15 (Miltenyi Biotec). After 24 h, activated T cells were transduced at a multiplicity of infection (MOI) of 3. Transduced T cells were maintained at 0.5--2 × 10^6^ cells/mL in IL7/IL15 containing TexMACS® media. On day +7, CAR transduction efficiency and CD4/CD8 ratio were determined by flow cytometry using the antibodies: CD4-BUV395 (SK3, BD Bioscience), CD8-APC (BW135/80, Miltenyi Biotec) and EGFR-PE (AY13, BioLegend). Tonic signaling was assessed by expression of the exhaustion markers PD-1, TIM-3, and LAG-3 via flow cytometry on day +21 of culturing using the antibodies: EGFR-FITC (13/EGFR (RUO), BD Bioscience); PD-1-PE (PD1.3.1.3, Miltenyi); TIM-3-PE-/Dazzle594 (F38-2E2, BioLegend); LAG-3-APC (7H2C65, BioLegend) and LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (ThermoFisher).

Real-time impedance-based cytotoxicity assay {#S0002-S2005}
--------------------------------------------

For label-free real-time cytotoxicity assessment, the xCELLigence device, an impedance-based Real-Time Cytotoxicity Analyzer (RTCA) (ACEA Biosciences Inc.) allowing continuous assessment of cell growth and cytolysis, was used. The adherent growing breast cancer, neuroblastoma and ovarian cancer cell lines were plated at 30.000 cells per well except for the cell lines BT549 and HS578T (20.000 cells per well) in the regular culture media for the respective cell line (see above) in 96-well electronic microtiter plates E-Plate® 96 (ACEA Biosciences Inc.). After cell attachment for 24 h to achieve a robust cell index, effector cells were added at indicated effector to target (E:T) ratio. The total volume per well was 200 µl. Plates were incubated in a HERAcell incubator (Heraeus) under 37°C, 95% humidity and 5% CO2 and impedance was assessed every 15 min for 48 h.

Quantification of cytokine release {#S0002-S2006}
----------------------------------

For determination of secreted cytokines, 200.000 GD2-CAR-T or CD19-CAR-T were incubated for 12 h with 100.000 target cells per well in a 96-well plate in regular media (see above) in a HERAcell incubator (Heraeus) at 37°C, 95% humidity and 5% CO~2~. After incubation supernatants were collected. Quantification of the cytokines INFγ, IL-2 and TNFα in the supernatants was performed via cytokine capture beads using the MACSPlex® custom cytokine assay with indicated specificities, the MACSQuant® Analyzer and the MACSQuantify® software according to the manufacturer's instructions (Miltenyi Biotec).

Animals and *in vivo* model {#S0002-S2007}
---------------------------

NOD.Cg-Prkdc^scid^ Il2rg^tm1Wjl^/SzJ (NSG) mice, originally obtained from Jackson Laboratories, were bred at our institution. All procedures described herein were approved by the authorities for Biomedical Research Institutional Animal Care and Use Committee responsible for the University Children's Hospital Tuebingen, Germany and performed according to national and institutional guidelines for the humane treatment of animals. Six to eight-week-old female NSG mice were injected into the 4th mammary fat pad with 5 × 10^6^ MDA-MB-231 cells, stably expressing luciferase (Vector kindly provided by Irmela Jeremias, Helmholtz Centre Munich, Germany). Tumor growth was monitored by *in vivo* bioluminescence imaging (BLI) and caliper measurement. Tumor volume was calculated: Tumor volume = (width)^2^ x length/2 in mm^3.[28](#CIT0028)^ Seven days after injection, mice were randomized and injected intravenously with PBS or 5 × 10^6^ CAR-T. Tumor growth was monitored weekly by BLI and every other day by caliper. Body weight was monitored daily. Twenty-one days after tumor inoculation mice were sacrificed because of reaching end point criteria. Primary tumors and lungs were isolated and fixed in 4.5% buffered formalin. Blood was drawn for further analysis.

Optical imaging {#S0002-S2008}
---------------

Optical Imaging was performed using an IVIS Spectrum Optical Imaging system (Perkin Elmer). For weekly tumor burden monitoring, mice were injected 75 mg/kg XenoLightTM D-Luciferin (Perkin Elmer, Waltham, MA, USA) i.p. and luciferase activity was detected using bioluminescence imaging (BLI) following a 5-min uptake. Images were acquired using a 5-s exposure, f-Stop 8 and binning 8 with a field of view of C-14. Signals above a 10% threshold were normalized for the photon radiance \[photons/second/cm^2^/sr\] and quantified using Living Image Software 4 (Perkin Elmer).

Mouse pathology and histology {#S0002-S2009}
-----------------------------

Mouse lungs and tumors were fixed in 4.5% buffered formalin and paraffin embedded. For histology 3--5 µm-thick sections were cut and stained with hematoxylin and eosin (H&E). Immunohistochemistry was performed on an automated immunostainer (Ventana Medical Systems, Inc.) according to the company's protocols for open procedures with slight modifications. The slides were stained with the antibodies AE1/3 (M3515, DAKO), GD2 (MAB2052, EMD Millipore Corporation, Temecula, USA), human CD3 (CI597C01, DCS Innovative Diagnostik-Systeme GmbH u. Co. KG), CD4 (503--3354, Zytomed), CD8 (M7103, DAKO, Glostrup), B220 (550286, BD Biosciences) and MAC3 (550292, BD Biosciences). Appropriate positive and negative controls were used to confirm the adequacy of the staining.

CAR-T *in vivo* monitoring {#S0002-S2010}
--------------------------

The *in vivo* expansion and phenotype of CAR-T was analyzed postmortem in peripheral blood of CAR-T treated mice. Red blood cells were lysed with aqua followed by 10x PBS. Remaining cells were stained with the following fluorophore conjugated antibodies: murineCD45-APC-eflour780 (30F11, eBioscience); EGFR-FITC (13/EGFR(RUO), BD Bioscience); CD25-BUV737 (2A3, BD Bioscience); PD-1-PE (PD1.3.1.3, Miltenyi); TIM-3-PE-/Dazzle594 (F38-2E2, BioLegend); LAG-3-APC (7H2C65, BioLegend) and LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (ThermoFisher). To enumerate the number of T cells (mCD45^−^hCD3^+^) and CAR-T (mCD45^−^hCD3^+^hEGFRt^+^) per microlitre of blood, all tubes were recorded exhaustively on a BD^TM^ LSR II flow cytometer. Gating strategy is demonstrated in Supplementary Figure 6a. CAR-T activation was determined by CD25 expression. Terminal exhaustion was defined as expression of the three inhibitory receptors PD-1, TIM-3, and LAG-3.

### Software {#S0002-S2010-S3001}

Flow cytometric data were analyzed by FlowJo 10.4. Optical Imaging analysis was conducted using Living Image Software 4 (Perkin Elmer). Graphs and statistics were generated using the GraphPad Prism 7.0 software.

### Statistics {#S0002-S2010-S3002}

Significance of *in vitro* real-time impedance-based cytotoxicity assay was determined by two-sided multiple T-tests. Significance of differences in tumor burden *in vivo*, measured by BLI and caliper, was calculated by 2way ANOVA Tukey's multiple comparison test. Significance of differences in CAR-T expansion *in vivo* was calculated by paired T-test. p \< .05 was considered statistically significant.

Results {#S0003}
=======

Design and functionality of novel GD2-CAR-T {#S0003-S2001}
-------------------------------------------

In order to target GD2 on breast cancer and BCSCs, we have developed novel GD2-targeted CARs. For antigen binding, two scFvs in heavy chain/light chain (HL) and light chain/heavy chain (LH) configuration divided by a G4Sx3 linker were designed, derived from the chimeric monoclonal GD2 antibody ch14.18.^[29](#CIT0029)^ ch14.18, also known as dinutuximab beta, has been extensively studied at our institution in clinical trials in neuroblastoma patients (NCT02258815).^[22](#CIT0022)^ The scFvs were assembled via a CD8 hinge and CD8 transmembrane domain on a 4-1BB costimulatory and CD3zeta signaling domain second generation CAR backbone ([Figure 1a](#F0001),[b)](#F0001). Truncated EGFR (EGFRt) was fused after a P2A site ([Figure 1a](#F0001),[b)](#F0001) for detection, enrichment and as a possible safety switch.^[25](#CIT0025)^ GD2-CARs were expressed on activated CD4 and CD8 positive T cells at a ratio of 1:1 by lentiviral transduction. Our 10-day expansion protocol in TexMACS® in the presence of IL7 and IL15 leads to a balanced expansion of CD4 and CD8 positive T cells (Supplementary Figure 1a). Surface expression of CARs was indirectly determined by flow cytometry against EGFRt ([Figure 1c](#F0001) and Supplementary Figure 1a). The HL design resulted in slightly superior expression and lysis at a low E:T ratio of 2:1 against the highly GD2 expressing neuroblastoma cell line LS ([Figure 1c](#F0001),[d)](#F0001). Consequently, HL design was used for further evaluation, referred to as GD2-CAR. Importantly, we did not find any signs of exhaustion due to tonic signaling as described by Long et al.^[30](#CIT0030)^ for CD28 co-stimulated GD2-CAR-T derived from the murine GD2 antibody clone 14G2a, even after 21 days of culture (Supplementary Figure 1b).10.1080/2162402X.2019.1683345-F0001Figure 1.Design and functionality of novel GD2-CAR-T. a) Schematic illustration of GD2-CAR constructs in heavy chain/light chain (HL) and light chain/heavy chain (LH) configuration. b) Schematic illustration of GD2-CAR and EGFRt expression on the plasma membrane. In c), GD2-CAR expression was determined by flow cytometry against EGFRt, coexpressed with the GD2-CAR. Representative plots for non-transduced T cells (left), GD2-CAR-T LH (middle) and GD2-CAR-T HL (right) transduced T cells (middle) are shown. In d), GD2-CAR-T were incubated with GD2^+^ neuroblastoma cell line LS at an E:T ratio of 2:1 for 12 h. Target-cell lysis was determined by impedance-based real-time cytotoxicity assay xCELLigence® RTCA. Data shown represent mean of two independent experiments in triplicates.

GD2 is expressed at variable degree on breast cancer cell lines {#S0003-S2002}
---------------------------------------------------------------

To determine GD2 expression on breast cancer cell lines and validate previously published findings, we have evaluated a small but representative panel of six breast cancer cell lines,^[31](#CIT0031)--[33](#CIT0033)^ MCF7 (luminal A), T-47D (luminal A), MDA-MB-468 (TNBC basal A, basal-like), MDA-MB-231 (TNBC basal B, mesenchymal stem-like, claudin-low), HS 578T (TNBC basal B, mesenchymal stem-like, claudin-low) and BT-549 (TNBC basal B, mesenchymal-like, claudin-low) from the NCI-60 panel^[34](#CIT0034)^ by flow cytometry. As reported by Battula et al.,^[17](#CIT0017)^ GD2 expression was found in a subpopulation of cells in two cell lines, 4.5% (range 3.8--6.2%) positive cells in MDA-MB-231 and 6.5% (4.7--8.1%) positive cells in T-47D ([Figure 2a](#F0002),[b)](#F0002). No significant expression was found in MCF7 and MDA-MB-468 ([Figure 2a](#F0002)). Unexpectedly, uniform GD2 expression was found in HS 578T and BT-549 ([Figure 2a](#F0002)) with a low positive MFIR of 6.7 (MFI 1791/isotype MFI 269) and MFIR 16.4 (MFI 4074/isotype 249), respectively, compared to high GD2 expression in the neuroblastoma cell lines LAN-1 and LS with a MFIR 1364 (MFI 42036/isotype MFI 30.8) and MFIR 2885 (MFI 15321/isotype MFI 5.31) ([Figure 2a](#F0002)), respectively. Screening for other gynecological cancer entities revealed high uniform GD2 expression MFIR 70.2 (MFI 8775/isotype MFI 125), in the ovarian cancer cell line OVCAR-8 (Supplementary Figure 2b).10.1080/2162402X.2019.1683345-F0002Figure 2.GD2 expression on breast cancer cell lines. GD2 expression on indicated breast cancer cell lines was determined by flow cytometry using an APC-labeled GD2 mAb. In a), representative histograms of three individual analyses are shown. GD2 positivity was calculated by Overton subtraction of histograms, sample data minus corresponding isotype control. In b), representative plots SSC vs. GD2 expression of three individual analyses are shown to illustrate GD2 expression in a subpopulation of cells in the cell lines T-47D and MDA-MB-231.

GD2-CAR-T cells specifically lyse GD2-positive breast cancer cells *in vitro* {#S0003-S2003}
-----------------------------------------------------------------------------

After establishing functional GD2-CAR-T, specific T-cell activation and target cell lysis of breast cancer cell lines was evaluated. Activated and CAR-transduced T cells are known to execute some degree of unspecific effector function depended on the susceptibility of the target cell. To exclude antigen-independent effects, CD19-CAR-T cells served as negative control. In line with GD2 expression, we found highly specific target cell lysis by GD2-CAR-T at a low E:T ratio of 2:1 against the TNBC cell lines HS 578T and BT-549 ([Figure 3](#F0003)). Target cell lysis was complete but delayed in comparison to the neuroblastoma cell line LS with higher GD2 expression (Supplementary Figure 3a). No specific lysis was detected in a 48-h cytotoxicity assay targeting MDA-MB-231 and T-47D, both expressing GD2 on a minor subpopulation as well as MCF7 and MDA-MB-468, shown to be GD2 negative ([Figure 3](#F0003)). Of note, both MDA-MB-231 and MCF7 appear susceptible to target antigen-independent effects, demonstrated by growth arrest induced by GD2-CAR-T and CD19-CAR-T and unspecific target cell lysis likewise (Supplementary Figure 3b). Paradoxically, proliferation of the breast cancer cell line T-47D was enhanced in the presence of CAR-T. Specific lysis was also found against GD2-positive OVCAR-8 cells, underscoring the universal functionality of our GD2-CAR-T against GD2-expressing cells (Supplementary Figure 3c). Confirming the results for specific lysis, cytokine secretion of INFγ, IL-2 and TNFα by GD2-CAR-T was specifically induced in the presence of GD2 positive HS 578T cells, similar to LS cells, but not by MDA-MB-468 cells (Supplementary Figure 3d).10.1080/2162402X.2019.1683345-F0003Figure 3.Specific lysis of breast cancer cell lines by GD2-CAR-T. GD2-CAR-T (red) or CD19-CAR-T (blue) were incubated with indicated breast cancer cell lines at an E:T ratio of 2:1 for 48 h. Target cell lysis was determined by impedance-based real-time cytotoxicity assay xCELLigence® RTCA. Kinetics over 48 h are demonstrated. Data shown represent mean ± SD of three independent experiments in triplicates.

GD2-CAR-T cells arrest tumor growth and prevent metastasis formation *in vivo* {#S0003-S2004}
------------------------------------------------------------------------------

GD2 was identified as a BCSC-associated antigen.^[17](#CIT0017),[18](#CIT0018)^ To test this hypothesis, we made use of a well-established orthotopic xenograft mouse model of reliable spontaneous dissemination and metastasis formation.^[28](#CIT0028),[35](#CIT0035)^ 5 × 10^6^ MDA-MB-231 TNBC cells were injected in the mammary fat pad of 6--8 weeks old female NSG mice. After 7 days, tumor establishment was verified (Supplementary Figure 4a). Tumor-bearing mice were randomized and treated with either 5 × 10^6^ GD2-CAR-T or 5 × 10^6^ CD19-CAR-T. Tumor growth was monitored by noninvasive *in vivo* BLI and caliper measurement. Mice in the control groups (PBS and CD19-CAR-T) had to be sacrificed at day +21 because of reaching end point criteria, tumor diameter of 10 mm, stipulated by the local authorities. To compare the effects on metastasis formation, day +21 was chosen as the endpoint in all groups. All mice in the experiment, including the ones treated with GD2-CAR-T, were in excellent condition during the observation period without demonstrating any signs of neurological symptoms that could be attributed to neuroinflammation or neurotoxicity. Treatment with GD2-CAR-T led to a highly significant reduction in tumor growth compared to CD19-CAR-T cells (*p* \< .001) and the PBS-injected control (*p* \< .001) ([Figure 4a](#F0004)--[c](#F0004) and Supplementary Figure 4a,b). This is remarkable, since GD2 is only expressed in a subpopulation of MDA-MB-231 cells in tissue culture and in the xenograft primary tumor as well as lung metastasis (Supplementary Figure 5a). Moreover, histological analysis demonstrated that the lungs of all GD2-CAR-T treated mice were free of metastasis, whereas nests of metastatic cells, positive for pan-cytokeratin staining AE1/3, were detectable in the lung parenchyma of all CD19-CAR-T treated mice ([Figure 5a](#F0005),[b](#F0005) and Supplementary Figure 5b). Of note, lung metastasis in CD19-CAR-T treated mice were smaller compared to PBS-injected mice (Supplementary Figure 5a,b), in line with antigen-independent effects seen *in vitro*.10.1080/2162402X.2019.1683345-F0004Figure 4.GD2-CAR-T cells arrest tumor growth *in vivo*. NSG mice were injected into the fourth mammary fat pad with 5 × 10^6^ MDA-MB-231 cells, stably expressing luciferase on day 0. On day +7, tumor-bearing mice were treated with either PBS, 5 × 10^6^ CD19-CAR-T or 5 × 10^6^ GD2-CAR-T. Mice were sacrificed on day +21. In a), noninvasive BLI images of luciferase activity at day +21 are shown for tumor burden assessment (left panel, n = 4). Resected tumors of the corresponding mice are shown in the right panel. In b), BLI signals above a 10% threshold were quantified as average radiance \[photons/second/cm^2^/sr\]. Timepoints day +7, injection of CAR-T, day +14 and day +21, end of the experiment, are shown. (Of note, for day +7 values were set 0 as no signals above a 10% threshold could be calculated. Corresponding optical imagines are given in Suppl. Figure 4a). In c), tumor growth kinetics are demonstrated as determined by caliper measurement. Data shown represent mean ± SD of 4 mice each group. (\*\* = *p* \< .001).10.1080/2162402X.2019.1683345-F0005Figure 5.GD2-CAR-T cells prevent metastasis formation *in vivo*. Lungs of NSG mice injected with 5 × 10^6^ MDA-MB-231 cells into the fourth mammary fat pad on day 0, treated on day +7 with either 5 × 10^6^ CD19-CAR-T or 5 × 10^6^ GD2-CAR-T and sacrificed on day +21 were fixed and stained with the pan-cytokeratin staining AE1/3 to determine metastatic infiltration. In a), the presence of AE1/3 positive cells in the lungs of mice was quantified, 4 mice each group. In b), representative images for both groups are shown, demonstrating the presence and absence of metastatic cells.

GD2-CAR-T specifically expand and infiltrate in tumor and metastatic tissue {#S0003-S2005}
---------------------------------------------------------------------------

After demonstrating *in vivo* activity, transferred CAR-T cells were further analyzed by flow cytometry. We found a highly significant (*p* \< .001) specific expansion of GD2-CAR-T in tumor-bearing mice, compared to CD19-CAR-T ([Figure 6a](#F0006)). GD2-CAR-T expressed CD25 as a marker of activation but no signs of terminal exhaustion, assessed by expression of PD1, LAG-3, and TIM-3 ([Figure 6b](#F0006),[c](#F0006)). Histological analysis demonstrated a diffuse infiltration of CD3 positive human T cells in the primary tumor in GD2-CAR-T, but not in CD19-CAR-T treated mice ([Figure 6d](#F0006)). Moreover, in the histological analyses of the lungs, we found a prominent infiltrate of human T cells, positive for CD3, CD4 and CD8, mainly around the bronchi and the blood vessels in GD2-CAR-T but not CD19-CAR-T treated mice ([Figure 6d](#F0006) and Supplementary Figure 6b,c).10.1080/2162402X.2019.1683345-F0006Figure 6.GD2-CAR-T specifically expand and infiltrate in tumor and metastatic tissue. NSG mice were injected with 5 × 10^6^ MDA-MB-231 cells into the fourth mammary fat pad on day 0, treated on day +7 with either 5 × 10^6^ CD19-CAR-T or 5 × 10^6^ GD2-CAR-T and sacrificed on day +21. In a), blood was taken on day +21 and analyzed for the presence of CAR-T by flow cytometry. CAR-T were identified being negative for mCD45 and positive for hEGFRt expression. Data shown represent mean ± SD of 4 mice each group. In b) and c), GD2-CAR-T were further analyzed for the activation marker CD25 and the exhaustion markers PD-1, TIM-3 and LAG-3 by flow cytometry. In c), expression of single and multiple exhaustion markers at the same time is demonstrated. Data shown in b) and c) represent mean of 4 mice in the GD2-CAR-T treated group. In d), primary tumors and lungs of mice were fixed after scarification on day +21 and stained with a hCD3 antibody to identify infiltrateing CAR-T. Representative images for 4 mice each group at different magnification are shown, demonstrating the absence or presence of infiltrating CAR-T. (\*\* = *p* \< .001).

Discussion {#S0004}
==========

In the present study, we report on the development of novel GD2-targeted CAR-T cells to treat breast cancer and BCSCs. Generating functional GD2-CAR-T has been challenging. Long et al. elegantly demonstrated antigen-independent clustering of anti-GD2 scFvs leading to tonic signaling, early CAR-T exhaustion and impaired function.^[30](#CIT0030)^ To circumvent this problem, we generated novel scFvs derived from the anti-GD2 mAb ch14.18, also known as dinutuximab beta. Additionally, we used a 4-1BB costimulatory domain in our second generation CAR construct, demonstrated to reduce exhaustion in comparison to CD28.^[30](#CIT0030)^ Applying these modifications, we were able to generate fully functional GD2-CAR-T as demonstrated *in vitro* for target cell lysis and cytokine production as well as *in vivo*. GD2-CAR-T mediated sufficient target cell lysis even at low antigen expression levels. Importantly, we did not find any signs of tonic signaling and subsequent terminal exhaustion, neither in an *ex vivo* culture system, nor after 14 days in tumor-bearing mice.

Several reports have identified GD2 as a relevant antigen target in breast cancer. Batulla et al. and subsequently Liang et al. demonstrated GD2 expression on BCSCs phenotypically, by coexpression with established BCSC markers like CD44^hi^CD24^lo^ as well as functionally, looking at mammosphere formation and tumorigenicity *in vivo*.^[17](#CIT0017),[19](#CIT0019)^ The same group also stained 15 patient samples on GD2 expression, reporting highest expression (35.8%) in a metastatic TNBC sample. Orsi et al. analyzed 63 patient samples of different breast cancer subtypes for GD2 expression. They found GD2 expression in 59% of samples with increased prevalence toward highly aggressive breast cancer subtypes, such as TNBC and metaplastic variants.^[20](#CIT0020)^ In our study, we analyzed GD2 expression on a small panel of breast cancer cell lines. In line with Batulla et al., we found GD2 expression in a subpopulation of cells, possibly BCSCs, in the cell lines T-47D (luminal A) and MDA-MB-231 (TNBC basal B). In contrast, the two TNBC cell lines HS 578T and BT-549, both basal B and claudin-low, presented with a uniform GD2 expression. This expression pattern was also found in the ovarian cancer cell line OVCAR-8 (G3 adenocarcinoma). Despite the small number of tested cell lines, we can also see a tendency toward GD2 expression in highly aggressive subtypes across entities. Importantly, our GD2-CAR-T demonstrated excellent cytolytic activity against GD2 positive cell lines, independent of the tumor entity.

GD2 expression was additionally demonstrated to be linked to EMT. This observation was mainly driven by studies in HMLER cells. HMLER cells are genetically transformed primary human mammary epithelial cells (HMECs) overexpressing hTERT, SV40 T/t, and H-Ras^V12^. Batulla et al. identified a subpopulation of around 5% GD2 positive cells, possessing BCSC properties. Additional ectopic expression of the EMT-associated transcription factors Snail or Twist expanded this population to 40% and 100%, respectively.^[17](#CIT0017)^ GD2 positivity was associated with an increased expression of GD3S, a rate limiting enzyme in GD2 biosynthesis. Supporting the hypothesis that GD3S plays an essential role in the regulation of EMT and mediation of BCSC traits, knockdown or pharmacological inhibition of GD3S in the human MDA-MB-231 and murine 4T1 cell lines abrogated tumorigenicity and reduced metastasis formation in xenograft and syngeneic mouse models.^[17](#CIT0017),[18](#CIT0018)^ Moreover, high expression of GD3S in patient samples of TNBC was correlated with poor prognosis.^[18](#CIT0018)^ Interesting additional observations underscore the relationship of EMT, aggressive phenotype and GD2 expression. An EMT core gene-expression signature was shown to be associated with the prognostic dismal basal-like, claudin-low and metaplastic breast cancer subtypes,^[36](#CIT0036),[37](#CIT0037)^ which were found to have highest GD2 expression. In line with this observation, cancer entities with the highest EMT scores, expression of EMT-associated genes plus infiltrative and metastatic, mesenchymal phenotype, namely neuroblastoma, glioma, osteosarcoma, Ewing's sarcomas, and melanoma express GD2 in a high proportion.^[38](#CIT0038)^ Further, high GD2 expression was found to correlate with metastatic potential in melanoma, osteosarcoma and bladder cancer and enforced GD2 expression, by overexpression of GD3S, leads to enhanced invasiveness and migratory potential in small cell lung cancer and osteosarcoma.^[39](#CIT0039)--[43](#CIT0043)^

Based on the outlined findings, we hypothesized that depletion of GD2 positive cells would impair dissemination and metastasis formation. Moreover, GD2-targeted therapy should be able to eliminate BCSC phenotypic DTCs. To test this hypothesis we used the well-evaluated TNBC cell line MDA-MB-231, demonstrated by us and others to possess a GD2 positive subpopulation of 5--10% of cells,^[17](#CIT0017),[18](#CIT0018)^ in a xenograft model of spontaneous metastasis formation after orthotopic injection.^[28](#CIT0028),[35](#CIT0035)^ In line with our hypothesis, GD2-CAR-T therapy completely prevented metastasis formation to the lungs. Moreover, growth of the primary tumor was substantially arrested, possibly by eliminating the BCSC compartment. This was associated with specific activation and expansion of GD2-CAR-T as well as infiltration into the primary tumor. Moreover, we found infiltrates of GD2-CAR-T in the lungs, indicating stimulation at the site of metastasis formation. Of note, application of CD19-CAR-T, serving as a negative control, did have an antigen-independent effect on tumor growth. CD3/CD28 activated and IL15 cytokine expanded T cells correspond to cytokine-induced killer cells (CIK cells) that are known to mediate lysis of tumor cells by NK-like effector function in a MHC non-restricted manner.^[44](#CIT0044)^ However, in contrast to GD2-CAR-T, nests of tumor cells were found in the lungs of all mice in the CD19-CAR-T group. We conclude that GD2-CAR-T therapy specifically eliminates GD2-expressing disseminated BCSCs, thereby preventing metastasis formation as schematically illustrated in [Figure 7](#F0007).10.1080/2162402X.2019.1683345-F0007Figure 7.Schematic illustration of the mechanism how GD2-CAR-T prevent metastasis formation. Metastasis formation is a process in which tumor cells dissociate from the primary tumor after undergoing EMT. These DTCs or BCSCs disseminate throughout the body and finally form distant metastasis. GD2 expression, indicated by red squares, is associated with EMT and the acquisition of a BCSC phenotype (upper panel). Targeting GD2 on BCSCs by GD2-CAR-T leads to the elimination of BCSCs and prevents metastasis formation (lower panel).

GD2-targeted immunotherapies are well established and clinically evaluated. There are extensive data demonstrating anti-tumor activity of GD2 mAb in human.^[21](#CIT0021)--[23](#CIT0023),[45](#CIT0045)^ The major side effects identified in these studies were severe pain symptoms as a result of GD2 expression on peripheral nerves and possibly engagement of the complement system.^[46](#CIT0046)^ Recently, Richman et al. reported on rapid mortality in a xenograft model of neuroblastoma treated with high affinity, introducing an E101K mutation into a 14G2a derived scFv, GD2-CAR-T.^[47](#CIT0047)^ The authors attributed this lethal side effect to specific GD2-CAR-T-mediated neurotoxicity due to low-level expression of GD2 in the central nervous system (CNS). In contrast, we did not observe any neurological symptoms in our study. This is in line with other reports applying 14G2a, the parental mAb ch14.18 was chimerized from, derived GD2-CAR-T.^[30](#CIT0030),[48](#CIT0048)^ GD2-CAR-T have been and are currently investigated in a number of clinical trials in neuroblastoma, sarcoma, glioma and melanoma. Early work in the group of Malcolm Brenner, using a 1^st^ generation GD2-CAR expressed in EBV-specific cytotoxic T cells, demonstrated induction of complete remission in 3 out of 11 neuroblastoma patients with active disease. No dose-limiting toxicities and no pain symptoms were reported.^[49](#CIT0049),[50](#CIT0050)^ More recently, the same group reported on a clinical trial applying third generation GD2-CAR-T. Again, administration was safe. However, therapeutic effects were modest, which was attributed to the expansion of suppressive myeloid cells.^[51](#CIT0051)^ Further engineering will improve the efficacy of GD2-CAR-T, for example by coexpression of IL15.^[52](#CIT0052)^ Moreover, GD2-CAR-T effector function might be enhanced with additional immune checkpoint blockade.^[53](#CIT0053)^

In conclusion, we report for the first time, that GD2-directed immunotherapy by GD2-CAR-T can prevent metastasis formation in a highly aggressive model of TNBC. This observation is in line with previous reports identifying GD2 as an EMT- and BCSC-associated antigen. Our results have major implications: first, our and other's work is giving a strong rationality to routinely screen for GD2 expression on breast cancer specimens and possibly on circulating tumor cells to gain more knowledge on the prevalence of GD2 expression in breast cancer. Second, GD2-targted therapy, e.g. using the FDA/EMA approved mAb dinutuximab beta or GD2-CAR-T, should be considered as an adjuvant consolidation therapy for patients at high risk for metastatic relapse to eradicate persisting DTCs not accessible and/or refractory to conventional therapeutics. Feasibility of adjuvant immunotherapy has been demonstrated over two decades in the setting of HER2-positive breast cancer.^[54](#CIT0054)^ Third, GD2-CAR-T might be a valuable therapeutic option for patients with high-risk breast cancer subtypes like TNBC and metaplastic variants, lacking curative treatment strategies to date. Clinical trials will have to demonstrate clinical efficacy translating GD2-CAR-T cell therapy into improved survival.
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